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ARO  Final  Progress  Report 

Electromagnetic  Wave  Propagation  in  Optical  Guiding  Structures: 

Numerical  Modeling 

Principal  Investigator:  N.  M.  Litchinitser 
Web  Designer:  V.  Z.  lakhnine 

1 .  Objective 

The  goal  of  this  project  was  to  build  a  website  containing  a  comprehensive  review  of  the 
methods  and  available  software  for  the  numerical  analysis  of  electromagnetic  wave  propagation 
in  guiding  structures. 

2.  Summary 

We  have  developed  a  website  on  Numerical  Modeling  of  Optical  Waveguides  (http://optical- 
waveguides-modeling.net)  that  contains  a  Waveguide  Tutorial,  which  summarizes  basic 
concepts  of  light  propagation  in  optical  waveguides,  dispersive,  and  nonlinear  properties,  and  a 
broad  collection  of  free  and  commercial  software  available  for  numerical  simulations  of 
waveguiding  structures,  supplied  with  a  short  summary  of  its  capabilities  and  potential 
applications,  a  list  of  references  to  research  papers  that  utilize  a  particular  software  package, 
and  a  link  to  the  software  provider's  page.  We  provide  the  visitors  of  our  website  with  an  online 
file-sharing  facility  to  be  used  to  exchange  simulation  codes,  documentation,  and  other  relevant 
information.  This  facility  is  a  first  step  toward  building  an  online  research  community  with  its 
members  sharing  news,  scientific  expertise,  and  knowledge  in  the  field  of  optical  guiding 
structures  modeling.  Future  plans  include  creating  a  discussion  group/forum,  developing  online 
simulation  demos,  and  expanding  this  website  to  review  the  specifics  of  numerical  modeling  of 
light  interaction  and  propagation  in  optical  metamaterials. 

3.  Website  Structure  Overview 

The  website  contains  the  following  pages:  Home  (front  page),  Waveguide  Tutorial,  Numerical 
Methods,  Bibliography,  Site  Map,  Community,  and  Search.  Figure  1  shows  a  snapshot  of  the 
front  page. 

The  front  page  contains  a  “Welcome” 
message  and  a  brief  introduction  to  the 
website  structure.  It  also  includes  a 
“News”  section  with  announcements  of 
the  upcoming  research  meetings, 
workshops,  and  conferences  related  to 
numerical  modeling  of  optical 
waveguides  and  other  aspects  of  guided 
waves  optics. 


The  Numerical  Methods  page  is  a  key 
part  of  the  website.  It  contains  an 
extensive  collection  of  software 
packages  for  various  types  of  optical 
waveguide  simulations,  including  mode 
solving,  linear  and  nonlinear  wave 
propagation,  and  applications  such  as 
fiber-optic  communication  systems  and  Figure  1.  A  snapshot  of  the  front  page. 
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Numerical  Modeling 


Waveguide  Tutorial  ■  Numerical  Methods 


to  the  Optical  Waveguides:  Numerical  Modeling  Website. 

Whether  you  are  a  student  or  a  researcher,  a  college  professor  or  a  product 
development  engineer  interested  in  electromagnebc  wave  propagation  in 
optical  guiding  structures,  photonic  devices,  telecom-  mumcaoon  systems, 
or  nanophotonics,  we  hope  this  website  will  be  useful  for  you. 

Numerical  modeling  is  an  essential  component  of  modern  science  and 
engineering.  On  these  pages,  you  can  find  a  broad  collection  of  software 
available  for  numencal  simulabons  of  waveguiding  structures,  including  both 
free  and  commercial  packages.  The  website  structure  is  schematically  shown 
and  described  below: 
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photonic  devices.  The  structure  and  contents  of  this  page  will  be  discussed  in  the  next  section. 

For  users  who  are  new  to  the  field  of  guided  wave  optics,  we  offer  a  short  Waveguide  Tutorial, 
which  summarizes  basic  concepts  of  light  propagation  in  optical  waveguides,  including 
waveguide  modes,  dispersive,  and  nonlinear  properties. 

In  addition,  we  compiled  a  Bibliography  that  contains  many  useful  references  about  various 
aspects  of  guided  waves  optics  and  its  applications,  including  Optical  Waveguides  and  Fibers, 
Waveguide  Modeling,  Photonic  Devices,  Photonic  Crystal  Fibers  and  Periodic  Structures, 
Nonlinear  Guided  Waves,  Fiber  Transmission  Systems,  and  other  general  references. 

The  website  is  also  supplied  with  a  Site  Map  for  easier  navigation  through  the  site,  a 
“community”  section,  providing  an  online  file-sharing  facility  to  be  used  to  exchange  simulation 
codes,  documentation,  and  other  relevant  information,  as  well  as  a  search  engine,  enabling 
visitors  to  explore  the  site  with  the  keywords  of  their  choice.  We  encourage  visitors  to  send  us 
their  comments  and  suggestions,  as  we  believe  that  the  site  has  potential  for  growth  and 
improvement. 


4.  Numerical  Methods 

The  structure  of  the  Numerical  Methods 
part  of  the  website,  containing  a  broad 
collection  of  numerical  tools  for  optical 
waveguide  modeling  is  schematically 
shown  in  Fig.  2. 

The  software  is  divided  into  three  major 
categories:  Mode  Solvers,  Wave 

Propagators,  and  System  Simulators. 

Each  category  contains  an  introduction 
and  a  list  of  numerical  methods  used  to 
solve  problems  in  this  category.  Figure  3 
shows  the  Wave  Propagators  page  as  an 
example. 

Each  method  is  supplied  with  a  brief 
description,  references  for  further 
reading,  and  a  list  of  software  packages 
that  employ  a  particular  method  as 
illustrated  in  Figures  4  and  5.  Some 
software  packages  can  be  used  as  Mode 
Solvers  and  Wave  Propagators 
simultaneously  and,  therefore,  are 
accessible  from  both  categories. 

Each  software  package  is  supplied  with  a  short  summary  of  its  capabilities  and  potential 
applications,  a  list  of  references  to  research  papers  that  utilize  a  particular  software  package  (if 
available),  and  a  link  to  the  software  provider's  page.  A  typical  example  is  shown  in  Figure  6. 


Figure  2.  Schematic  of  the  Numerical  Methods 
sections  of  the  website. 
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Wave  Propagators 

.  Introduction  .  Split-Step  Method 

•  Beam  Propagation  Method  •  Transfer-Matnx  Method 

.  Finite  Difference  Time  Domain  Method  .  Eigenmode  Expansion  Method 

•  Finite  Element  Method 


Introduction 

Wave  propagation  techniques  are  essential  components  of  waveguide  and  waveguide-cased  photonic 
device  design.  While  mode-solving  methods  are  Cased  on  the  assumption  that  the  guiding  structures 
are  uniform  in  the  propagation  direction,  many  practical  waveguide  configurations,  such  as  tapers, 
bends  and  junctions,  are  actually  nonuniform  in  the  longitudinal  direction.  The  analysis  of  these  types 
of  waveguides  relies  on  propagation-type  techniques.  Even  in  uniform  structures,  propagation  methods 
provide  important  Information  about  beating  between  modes  m  multimode  structures,  mode  flltenng 
upon  propagation,  and  mode  coupling  effects.  In  addition,  propagation  methods  facilitate  numencal 
studies,  accurately  reflecting  wave  guiding  properties  of  realistic  devices  and  providing  insight  into  the 
field's  evolution  inside  the  structure.  In  these  slmulabons  arbitrary  launch  conditions  are  usually 
allowed  and  the  evolution  of  such  an  arbitrary  beam/pulse  can  be  monitored  at  any  point  inside  the 
structure.  This  section  includes  both  time-domain  methods,  including  the  Finite-Difference  Time- 
Domain  Method  (FDTD),  the  Split-Step  Method  (SSM),  and  the  Finite  Element  Method  (FEM),  and 
frequency-domain  methods,  such  as  the  Beam  Propagation  Method  (BPM),  the  Transfer  Matrix  Method 
(TMM),  and  the  EigenMode  Expansion  Method  (EME). 

Of  these  techniques,  the  FDTD  (implemented  in  a  large  number  of  free  and  commercially  available 
packages  not  listed  here)  is  the  most  general  and  ngorous  time-domain  method.  It  is  particularly 
useful  for  a  large  number  of  optical  guiding  structures,  such  as  photonic  crystal  waveguides,  surface 
plasmon  waveguides,  high-index  contrast  waveguide  devices,  ring  and  disk  resonators,  negative  index 
matenal  structures,  dispersive,  and  nonlinear  matenals.  Modal  properties  can  be  extracted  after  a 


Figure  3.  An  example  of  introductory  page  structure  under  the  Numerical  Methods  category. 


Finite  Element  Method 

The  finite  element  method  (FEM)  is  a  method  used  for  finding  the  approximate  solution  of  partial 
differential  equations  (PDE)  that  handle  complex  geometnes  (and  boundanes),  such  as  waveguides 
with  arbitrary  cross-sections,  with  relative  ease.  The  field  region  is  divided  into  elements  of  vartous 
shapes,  such  as  triangles  and  rectangles,  allowing  the  use  of  an  irregular  grid.  The  solution  approach  is 
based  either  on  eliminating  the  differential  equation  completety  (steady  state  problems),  or  rendenng 
the  PDE  into  an  equivalent  ordinary  differential  equation,  which  is  then  solved  using  standard 
techniques,  such  as  finite  differences.  In  a  context  of  optical  waveguides,  the  FEM  can  be  used  for 
mode  solving  and  propagation  problems.  Two  approaches  to  solve  waveguide  problem  include  the 
variational  method  and  the  weighted  residual  (Galerkin)  method.  Both  methods  lead  to  the  same 
eigenvalue  equation  that  needs  to  be  solved. 

For  more  detail  see: 

•  M.  Koshiba,  Optical  Waveguide  Theory  by  the  Finite  Element  Method,  KTK  Scientific  Publishers 
(1992). 

•  F.  A.  Fernandez  and  Y.  Lu,  Microwave  and  Optical  Waveguide  Analysis  by  the  Finite  Element  Method 
(Electronic  and  Electncal  Engineering  Research  Studies  Optoelectronics  Senes),  Wiley  (1996). 

Software  implementing  Finite  Element  Method  is  described  here  ... 

A  to  page  top  ... 


Figure  4.  A  snapshot  of  the  Finite  Element  Method  as  an  example  of  a  method 
description  page. 
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Finite  Element  Method  (FEM):  Software 


•  COMSOL  Multiphysics 

•  EMRex 

•  -emSIM* 

•  FIMMWAVE-FEM-Solver* 

•  JCMwave 


•  PDE2D 

•  EMAP 

•  EMSolve 

•  FlexPDE 

•  FreeFem++ 


•  pdnMesh* 

•  HFSS 

•  Concerto-Opera  -Soprano 

•  WaveStm 


An  asterisk  next  to  a  package  name  (e  g.  FemSIM*)  indicates  the  software  that  can  only  be  used  for 
mode  solving;  all  other  software  described  m  this  page  can  be  used  as  both,  mode  solvers  and  wave 
propagators. 


Figure  5.  A  list  of  software  based  on  the  Finite  Element  Method.  An 
asterisk  next  to  a  package  name  (e.g.,  FemSIM*)  indicates  software 
that  can  only  be  used  for  mode  solving;  all  other  software  can  be  used 
as  both  mode  solvers  and  wave  propagators. 


FemSIM- 

Commercial  software  sold  by  RSoft. 

FemSIM  is  a  generalized  mode  solver  based  on  Che  finite  element  method  that  can  calculate  any 
number  of  transverse  or  cavity  modes  of  an  arbitrary  structure  on  a  non-uniform  mesh. 

Simulation  Isc&nalg&x  and  Capabilities. 

•  FemSIM  is  based  on  a  full-vector  implementation  of  the  finite  element  method  on  a  non-uniform 
mesh 

•  Full -vectorial  analysis  for  both  Cartesian  and  cytlndncal  (azimuthally  symmetric)  structures 

•  Accommodates  complex  index  for  lossy  materials  and  high  index  contrast  profiles 

•  Intelligent  meshing  scheme  which  conforms  to  the  index  profile  using  hybrid  triangular  and 
rectangular  mesh  elements 

•  First  and  second  order  elements  used  to  avoid  spurious  modes 
.  PML  and  symmetrtc/anti-symmetric  boundary  conditions 

•  Determination  of  propagating,  leaky,  and  cavity  modes 

.  Higher  order  modes  can  be  found  with  minimal  additional  computational  expense 

•  Silicon -cased  devices 
.  Polarization  rotators 

•  Air  or  solid  core  photonic  fibers 

•  Laser  and  PBG  defect  cavities 

Waypn.  ilflps-rplarpfl  n.jhlirahnnv 

•  C.  Koos  et  al.,  "Nonlinear  si ncon-on-msuiator  waveguides  for  all-optical  signal  processing,"  Opt 
Express  15,  5976  (2007),  www.optlcslnfobase.org/abstract.cfm7URIsoe-15-10-5976. 

•  M.  Van  and  P.  Shum,  "Analysis  of  perturbed  Bragg  fibers  with  an  extended  transfer  matnx 
method,"  Opt.  Express  14,  2596  (2006),  www.opticsinfobase.org/abstraa.cfm7URIsoe- 14-7-25%. 

to  page  top  ... 


Figure  6.  A  snapshot  of  a  short  description  of  the 
FemSIM  software  package. 


Other  Features 

There  are  several  useful  features  available  for  the  visitors  and  users  of  the  website,  including 
website  navigation  tools  and  a  file-share  system,  allowing  the  upload  and  download  of 
numerical  codes  and  other  related  documents.  Navigation  tools  include  a  dynamic  menu  at  the 
top  of  the  page,  a  simple  menu  at  the  bottom  of  the  page,  a  Site  Map  (illustrated  in  Fig.  7),  and 


a  Search  engine.  The  Site  Map  provides  a  straightforward  access  to  all  website  resources  and 
gives  the  most  comprehensive  overview  of  the  site. 
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Site  Map 

.  Home 

•  Waveguide  Tutorial 
o  Introduction 
o  Optical  Fiber 
o  Fiber  Modes 
o  Dispersive  Properties 
o  Nonlinear  Properties 

.  Numerical  Methods 
o  Mode  Solvers 

•  Introduction 

•  Finite  Element  Method  ->  Software 

•  Multipole  Method  and  Source  Model  Technique  ->  Software 

•  Plane-Wave  Expansion  Method ->  Software 

•  Transfer-Matrix  Method  ->  Software 

•  Eigenmode  Expansion  Method  ->  Software 

•  Other  Methods  ->  Software 
o  Wave  Propagators 


Figure  7.  A  snapshot  of  the  Site  Map  page. 

We  hope  that  our  website  will  be  useful  for  the  broad  community  of  scientists,  engineers,  and 
industrial  users  working  in  the  field  of  guided  wave  optics,  photonic  devices,  telecommunication 
systems  and  nanophotonics,  as  well  as  university  professors  and  students  in  their  course  work. 
We  look  forward  to  developing  an  online  community,  assisted  by  this  site,  with  its  members 
sharing  news,  scientific  expertise,  and  enthusiasm,  potentially  leading  to  new  scientific 
collaborations  nationally  and  internationally. 


